is placed in between the electrodes [1, 2] . The main functions of the separator are to act as a physical barrier to prevent short-circuit between the two electrodes and to allow ion transport. Microporous polyolefin membranes, made of semi-crystalline polymers such as polyethylene (PE) and polypropylene (PP), are widely used in commercial Li-ion battery [3, 4] . These separators are designed to possess several physical and chemical properties that are important for the functioning of Li-ion batteries such as good mechanical properties, chemical and electrochemical stability, and compatibility with the chemical species involved in the redox reactions.
Ion transport within the electrolyte-separator composite depends on several factors such as the porosity and tortuosity, the electrolyte resistance, and the wettability of the pores by the electrolyte [5e8]. Notably, Saito et al. used measurements of the diffusion coefficients of the cation, anion and solvent species to conclude that interactions between the separator wall and electrolyte solution play a role on the ion transport efficiency [9] . The presence of the separator leads to a conductivity that is lower than that of the neat electrolyte. This increase in resistance affects battery performance [10e12] . In this paper, we study the conductivity of a series of electrolyte-separator composites.
The electrolytes of interest are low molecular weight perfluoropolyethers (PFPEs) doped with a lithium salt [13, 14] . PFPEs are chemically resistant, non-crystalline, and nonflammable fluorinated compounds that exhibit low glass transition temperature and low toxicity. We recently demonstrated that electrolytes with hydroxyl-and dimethyl-carbonate-terminated PFPEs can be used in Li batteries. They may provide a safe alternative to conventional alkyl-carbonate-based electrolytes. Currently there is no knowledge on the conductivity of PFPE-based electrolyte-separator composites. The present study includes two PFPE-based electrolytes and a conventional carbonate-based electrolyte. The three electrolytes are studied in three commercial separators: a single layer PP (Celgard 2500), a trilayer PP-PE-PP manufactured by the Celgard Company, and a porous polytetrafluoroethylene (PTFE) manufactured by the 3M Company, designed to serve as support for gas permeation membranes [15] . The conductivity of the neat electrolytes studied here differ by three orders of magnitude. The wettability of the electrolytes also differs widely; one expects the carbonate-based electrolyte to wet the polyolefin separators and the PFPE-based electrolytes to wet the PTPE separator. In spite of these differences, we show that the conductivity of all the electrolyte-separator composites follows a master equation. This equation quantifies the dependence of the conductivity of the electrolyte-separator composite on the neat electrolyte conductivity, the volume fraction of electrolyte in the separator, and a morphological factor that account for the tortuosity and the connectivity of the conducting phase within the separators.
Experimental

Electrolyte preparation
Ethoxylated alcohol-terminated perfluoropolyether (Fluorolink E10-H, Solvay Co.) (PFPE E10H ) with nominal molecular weight of 1.2 kg mol À1 was purchased from Alfa Aesar. Dimethyl carbonateterminated perfluoropolyether (PFPE DMC ) was obtained by functionalization of hydroxyl-terminated PFPE (Fluorolink D10-H, Solvay Co.) (PFPE D10H ) with nominal molecular weight of 1 kg mol À1 using a method described previously [13] . Inside a MBraun glovebox maintaining an argon atmosphere with ultralow concentrations of water and oxygen, the two PFPEs were dried at room temperature in the glovebox antechamber for 3 days. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Novolyte Co.) was also dried in the same manner. Afterward, the PFPEs and LiTFSI were mixed at room temperature for three days. respectively. For the conductivity model developed in this paper, the density of the PFPE DMC is assumed to be identical to that of PFPE D10H . The density of the PFPE-based electrolytes is considered similar to that of the neat polymer.
Commercial separators
A single layer polypropylene (PP) separator (Celgard 2500) was kindly provided by the Celgard Company. From the material datasheet, the reported thickness and porosity of the Celgard 2500 separator were 25 mm and 0.55, respectively. A trilayer polypropylene-polyethylene-polypropylene (PP-PE-PP) separator, also manufactured by the Celgard Company, was purchased from MTI Corporation. From the material datasheet, the reported thickness and porosity of the PP-PE-PP separator were 25 mm and 0.39, respectively. A polytetrafluoroethylene (PTFE) separator was Table 1 Characteristics of separators. Thickness (l), porosity (ε), and onset melting and degradation temperatures (T m , T d ). provided by the 3M Company without a material datasheet. Inside the glove box, the thickness (l) of each separator was measured at several locations using a micrometer (Mitutoyo). On average, the thicknesses of the Celgard 2500, PP-PE-PP, and PTFE separators were determined to be 25.4 ± 0.6 mm, 25.5 ± 0.5 mm, and 36.6 ± 0.8 mm, respectively. The uncertainty of all quantities reported in this paper corresponds to the standard deviation of several measurements. These results are listed in Table 1 .
The separator porosity (ε) is defined as the ratio of the pore volume (V pore ) within the separator to the volume of the dry separator including the pores (V separator,dry ).
Experimentally, ε was determined from the following equation [4] .
where M separator,dry is the experimentally determined weights of the dry separator disks. r P is the density of the neat polymer used to make the separator, i.e. 0.9 g cm 3 for PP and PE and 2.2 g cm 3 for
PTFE [16] . The average experimentally determined porosity of the Celgard 2500, PP-PE-PP, and PTFE separators were 0.53 ± 0.03, 0.39 ± 0.03, and 0.71 ± 0.03, respectively. The experimental thicknesses and porosities of the Celgard 2500 and PP-PE-PP separators are similar to those reported on the manufacturer material datasheet. Note that calculations requiring l and ε in this paper are based on the experimentally determined values given in Table 1 . The electrolyte uptake (EU) was measured for the three electrolytes in each of the three separators. The electrolyte uptake is defined as:
where M separator,wet is the separator mass after soaking in the electrolyte for an hour in which the excess of electrolyte on the separator surface was removed with a filter paper. The average EU values for each electrolyte-separator composite combination are listed in Table 2 . These values are based on five independent measurements and the error bars represent the standard deviation. PP-PE-PP, and (:) PTFE separators. The dashed lines correspond to the VTF fits, and the fit parameters are listed in Table 3 .
Separator characterizations
Scanning electron microscopy (SEM) experiments on cross sections of the separators were performed at the Molecular Foundry at the Lawrence Berkeley National Laboratory. A piece of the porous separator was cryo-fractured in liquid nitrogen and the sample was sputter-coated with 2 nm of gold prior to the SEM experiment. SEM was done on a Zeiss Gemini Supra 55 VP-SEM instrument with an acceleration voltage of 5 keV. These electron micrographs provide the cross-sectional morphology of the separators in dry state. In addition, SEM was also used to image the surface of the separators in dry state with an acceleration voltage of 5e15 keV.
The thermal properties of the separators were studied via differential scanning calorimetry (DSC) experiments. Inside the glove box, dry separator samples were sealed in aluminum hermetic pans and DSC experiments were performed on a TA Instruments DSC Q200 instrument. The samples were first held at À10 C before being heated at 10 C min À1 up to 200 C for the Celgard 2500 and PP-PE-PP separators, and up to 400 C for the PTFE separator. The onset melting temperatures (T m ) of the PE, PP, or PTFE polymers were determined from the endothermic peaks. Thermogravimetric analysis (TGA) was carried out to determine the thermal stability of each separator. The samples were placed in an aluminum pan and heated up to 500 C at 10 C min À1 under a constant flow of argon gas to determine the onset temperature of the separator degradation (T d ) corresponding to a 5% mass loss.
Symmetric cell assembly and testing
Standard 2325 coin cells were used to determine the conductivity of electrolyte-separator composite (s). These cells contained two stainless steel disks of area S which served as electrodes. Inside the Argon glove box, the electrolyte-separator composite was placed between the electrodes. The coin cells were sealed in a custom-built hydraulic crimping machine at 200 PSI manufactured by the National Research Council of Canada. A similar external sealing pressure was applied to each coin cell leading to identical compression of the cell assembly. After assembly, the coin cells were placed in a custom-made heating box located inside the argon glove box and connected to a multipotentiostat (VMP3, Bio-Logic SAS). Impedance spectroscopy measurements were made using an ac voltage between 10 and 40 mV in a frequency range between 10 6 and 1 Hz. Samples were heated from room temperature up to 120 C in 10 or 20 C steps, cooled in the same steps and re-heated to 120 C in the same steps. For the conventional liquid electrolyte, LiPF 6 /(EC-DMC), the maximum temperature set was 60 C. A typical impedance spectrum of the PFPE E10H -Celgard 2500 composite at 40 C is shown in Fig. 1 . For each temperature (T), the electrolyte resistance (R el ) was monitored as a function of time and the impedance spectra was recorded only when R el became stable, typically after a 3 h waiting period. The equilibrated value of R el was extracted from the impedance spectra by fitting the data with an equivalent electrical circuit [17e19]. This circuit, shown in the inset of Fig. 1 , is composed of the apparatus resistance (R c ) and inductance (L c ), in series with R el in parallel with the electrolyte pseudocapacitance (CPE el ), in series with the blocking electrodeelectrolyte interface pseudo-capacitance (CPE int ). At each T considered, the conductivity of the electrolyte-separator composite is calculated by:
The average conductivity for each electrolyte-separator composite combination was determined from five independent measurements and the error bars represent the standard deviation. In addition, custom made stainless steel symmetric liquid cells were used to characterize the conductivity of the neat electrolytes (s 0 ) [20] . The impedance spectra of the liquid cells are qualitatively similar to those of the coin cells. Our approach for determining s 0 is given in Ref. [20] .
Results and discussion
Surface morphologies of the separators, determined by SEM, are shown in Fig. 2a through c , while cross-sectional morphologies, determined by SEM, are shown in Fig. 2d through f. The surface of the Celgard 2500, shown in Fig. 2a , has elliptical pores uniformly separator reveals an inner PE layer, on the right side in Fig. 2e , that is significantly more porous than the PP layer. The PP-PE-PP separator appears to have a morphology very similar to that of the commercial trilayer Celgard 2325 separator [3] . In Fig. 2c and f, we show the surface and cross-section of the PTFE separator. The separator shows a complex porous network with a large porosity. This microstructure is characteristic of non-woven separators [2] .
In average pore size is 0.35 ± 0.14 mm. Fig. 3 shows the DSC thermograms of the Celgard 2500 and PP-PE-PP separators, while the PTFE thermogram is shown in the inset. For the Celgard 2500 separator, T m is 154 C, corresponding to the melting of PP [2] . For the multilayer PP-PE-PP separator, two melting temperatures are observed at 129 C and 156 C, corresponding to the melting of the PE and PP phase, respectively [3, 6] . The PTFE separator exhibits a melting peak at a higher temperature, 321 C, in agreement with the value reported by Laman et al. [22] The degradation temperatures, T d determined by TGA, shown in Fig. 4 , were 311 C for Celgard 2500, 347 C for PP-PE-PP, and 527 C for PTFE. The values of T m and T d are given in Table 1 .
The conductivity of electrolyte-separator composites containing LiPF 6 /(EC-DMC) and that of the neat electrolyte, s and s 0 , respectively, are plotted as a function of the inverse of the temperature in Fig. 5a . The conductivity of the neat electrolyte increases from 1.14 Â 10 À2 S cm À1 at 24.9 C to 1.76 Â 10 À2 S cm À1 at 60 C. These values are in good agreement with those reported in literature [23e26] . The conductivities of the electrolyte-separator composites are about one order of magnitude lower than those of the neat electrolyte. The room temperature value of the ratio of s 0 to s, usually defined as the MacMullin number [5, 27] , is consistent with literature data [12] . The highest conductivity is obtained in the Celgard 2500-containing composite, and the lowest was obtained in the PP-PE-PP-containing composite. Fig. 5b 
where R is the gas constant and T 0 is the glass transition temperature (T g ) minus 50 K [31] . Based on literature data, T g ¼ 201.7 K for LiPF 6 /(EC-DMC) [26] and 183.2 K for the two PFPE electrolytes [13] . The dashed lines in Fig. 5a through c represent least-squared fits of the data. The parameters A and B, thus obtained, are given in Table 3 .
The electrolyte uptake data given in Table 2 is used to estimate the volume fraction of electrolyte in the separator, 4 c .
In Fig. 6 we plot 4 c as a function of ε. The line in Fig. 6 represents 4 c ¼ ε. If the electrolyte were to occupy the pores in the separator fully without distorting the separator, then the data would lie on this line. This is observed for the LiPF 6 /(EC-DMC)-Celgard 2500 and LiPF 6 /(EC-DMC)-PP-PE-PP composites. The LiPF 6 /(EC-DMC)-PTFE composite exhibits a 4 c value lower than ε. We attribute this to incomplete filling of the pores due to wettability problems. Surprisingly, the PFPE based electrolytes exhibit 4 c values greater than ε. This implies that PFPE electrolytes distort the separators due to swelling.
We assumed that the conductivity of the electrolyte-separator composites is given by:
where f is a morphological factor that accounts for the tortuosity and connectivity of the pores [32] . A similar equation is often used to describe the conductivity of block copolymer electrolytes [33e35]. The value of f reflects the efficacy of the separator. For an ideal separator with no tortuosity and a perfectly connected pore structure, f would be unity. Since s, s 0 , and 4 c have been measured (Fig. 5, Table 2 ) we can compute f for each of the electrolyteseparator composites. The temperature dependence of f thus obtained is given in Fig. 7 . As expected, f of a given composite is independent of the temperature. It is interesting to note that the value of f for PFPE DMC -PTFE composite is as high as 0.7, a value significantly higher than that of all of the composites containing the LiPF 6 /(EC-DMC) electrolyte, which lie between 0.05 and 0.13.
In Fig. 8 , we plot f versus 4 c . In spite of differences in the conductivity of the neat electrolyte, porosity, and electrolyte uptake, data from all of the systems collapse onto a master curve. The dashed curve in Fig. 8 is a power law fit that yields f ¼ 0.51$4 c 2.2±0.2 .
In other words, the conductivity of our electrolyte-separator composites is proportional to 4 c 3.2±0.2
. Our data are consistent with the Bruggeman relationship [7] . The data in Fig. 8 correspond to 30 C (near room temperature). Note however that f is essentially independent of temperature (Fig. 7) .
Most of the literature on the conductivity of electrolyteseparator composites is based on the following equation: [5, 7, 12, 36] 
where it is assumed that the electrolyte fills the pores, i.e. 4 c ¼ ε, and t, the tortuosity, is equal to 1/f. Examining Figs. 6 and 8, it
should be clear that our conductivity data from both carbonateand PFPE-based electrolytes are inconsistent with equation (8) . A master curve is only obtained when electrolyte uptake is taken into account. However, conductivity data from the carbonate-based electrolyte in polyolefin separators are consistent with equation (8) . In a related study, Quartarone et al. showed that the conductivity of a carbonate-based electrolyte in polyvinylidene fluoride gel well above the percolation threshold was proportional to EU 3.24±0.3 [37] . The power law exponent obtained by Quartarone et al. is within experimental error of that reported in Fig. 8 . We note that EU and 4 c are proportional to each other in the large electrolyte uptake limit (see equation (6)).
Conclusion
We report on the morphology and thermal properties of three porous separators: a single layer Celgard 2500 separator, a trilayer PP-PE-PP separator, and a PTFE separator. The pore morphologies within the separators are widely different. In spite of this, we demonstrate that the conductivity (s) of carbonate-and perfluoropolyether-based electrolyte-separator composites depends mainly on the electrolyte uptake, and follows a master . The master equation applies to electrolytes that completely filled the pores in the separator, electrolytes that swell the separator, as well as electrolytes that only partially wet the separator pores. 
